We used a microfluidic formulator to perform large-scale, automated single-molecule measurements across a wide range of chemical conditions (Fig. 1) . The critical fluidic element was a microfluidic mixing ring in which a peristaltic pump made of three integrated valves was used to inject reagents of interest into a ring and in which a second pump circulated and mixed the reagents (Fig. 1a) . The dual-layer polydimethylsiloxane (PDMS) device consists of a control layer that uses 'push-down' valves to manipulate fluid on the flow layer, with nominal channel width of 100 µm and height of 10 µm. We detected the molecules of interest in the flow layer using confocal microscopy. Using the first peristaltic pump (Fig. 1a) we injected the contents of seven independently addressable input channels ( Supplementary Fig. 1a ) into the mixing ring with precision to tens of picoliters. As reagents are pumped into the ring, the reagent valve, inlet valve and outlet valve are opened and previous contents of the ring are displaced. Calculations of final concentrations must take this volume displacement into account.
We used a microfluidic formulator to perform large-scale, automated single-molecule measurements across a wide range of chemical conditions (Fig. 1) . The critical fluidic element was a microfluidic mixing ring in which a peristaltic pump made of three integrated valves was used to inject reagents of interest into a ring and in which a second pump circulated and mixed the reagents (Fig. 1a) . The dual-layer polydimethylsiloxane (PDMS) device consists of a control layer that uses 'push-down' valves to manipulate fluid on the flow layer, with nominal channel width of 100 µm and height of 10 µm. We detected the molecules of interest in the flow layer using confocal microscopy. Using the first peristaltic pump (Fig. 1a) we injected the contents of seven independently addressable input channels ( Supplementary Fig. 1a ) into the mixing ring with precision to tens of picoliters. As reagents are pumped into the ring, the reagent valve, inlet valve and outlet valve are opened and previous contents of the ring are displaced. Calculations of final concentrations must take this volume displacement into account.
The push-down valve configuration permits sample detection directly above the glass coverslip, a benefit for single-molecule spectroscopy. An observation chamber (50 µm tall by 250 µm wide) is situated in the mixing ring to allow optimal confocal detection. The ring is then flushed and prepped for a sequential measurement. We developed software for coordination between microfluidic device control and microscopic data acquisition to enable long-term unassisted data collection with high reproducibility ( Supplementary Figs. 2-4) .
With this device we could automatically perform reagent titrations to screen multidimensional chemical space for conformational and enzymatic changes in biomolecules. The approach allowed for large sampling of parameter space that could not be easily achieved using ensemble-based methods; whereas the singlemolecule assay resolves subpopulations (ssDNA, dsDNA and others), an ensemble measurement 'smears' this information into a single, averaged number. We first used an ssDNA probe consisting of a poly(dT) sequence of 20 nucleotides, flanked by donor (5(6)-carboxytetramethylrhodamine) and acceptor (Alexa Fluor 647) dyes at the 3′ and 5′ ends of the nucleotide backbone (called poly(dT) hereafter). We used smFRET as a readout to resolve changes in DNA polymer conformation resulting from compaction and hybridization.
We first sampled the poly(dT) conformation as a function of ionic strength in the microfluidic device. We performed consecutive smFRET measurements of poly(dT) in automatically titrated salt concentrations. We plotted each measurement as a scatter plot We describe a high-throughput, automated single-molecule measurement system, equipped with microfluidics. the microfluidic mixing device has integrated valves and pumps to accurately accomplish titration of biomolecules with picoliter resolution. We demonstrate that the approach enabled rapid sampling of biomolecule conformational landscape and of enzymatic activity, in the form of transcription by Escherichia coli rna polymerase, as a function of the chemical environment.
Biological function is context-dependent, and in vitro study of a biological system is often limited to a predefined chemical environment chosen to recapitulate facets of the system's function in vivo 1 . As a result, in vitro studies may overlook real biological phenomena by undersampling the many chemical environments available in the cell. Here we describe a new method that can be used to easily screen many hundreds of chemical environments to aid in the construction of a 'phase diagram' of biological function in the context of chemical space.
A widely adopted readout of biomolecule conformation (or interaction) is single-molecule fluorescence resonance energy transfer (smFRET), wherein a single donor-acceptor pair reports on the distance between dyes on the 1-10 nm scale 2 , a technique used to study an ever-growing list of macromolecules (helicases, polymerases and ribosomes, to name a few). Microfluidic technology enables precise and rapid handling of small liquid volumes and thus facilitates largescale screening of biological molecules with minimal sample consumption 3, 4 . The integration of optics and microfluidics is rapidly becoming a useful tool in single-molecule biophysics: microfluidic systems are used for hydrodynamic focusing in single-molecule studies of protein folding [5] [6] [7] [8] , as 'gradient generators' in large-scale ensemble FRET measurements 9 and gas-controlled smFRET measurements 10 , and as formulators 11 capable of mixing labeled RNA molecules 12 for ensemble fluorescence measurements.
with dimensions of FRET, approximated by the 'proximity ratio' , and of dye stoichiometry, measured using alternating laser excitation spectroscopy 13 . In each two-dimensional plot, each point represents a single molecule; donor-acceptor molecules of interest are found in the center half of the stoichiometry axis (stoichiometry of 0.25 to 0.75) (Fig. 1b) . As expected, ssDNA molecules collapsed (lower end-to-end distance, higher FRET) upon ionic strength increase owing to ionic screening and consequent reduction in persistence length ( Fig. 1d and Supplementary Fig. 5a ). We also studied DNA conformation with five different cations, in which the magnitude of each salt effect followed the order of Hofmeister series (Supplementary Fig. 5b ).
This approach allowed us to study the ssDNA conformation and hybridization efficiency (to a complementary strand) under the influence of two competing processes: increase in rigidity resulting from hybridization and chain collapse resulting from an increase in ionic strength. We conducted 64 serial measurements comprised of an eight-increment NaCl concentration gradient and an eight-increment complementary strand concentration gradient ( Fig. 1) to analyze the differential effects of hybridization (causing lower FRET) and ionic strength (causing higher FRET) on ssDNA. We observed coexistence of ssDNA and dsDNA subpopulations in some cases (Fig. 1d) . We fit subpopulations to two-dimensional Gaussian distributions and extrapolated concentrations from the volume under each subpopulation's fit; we represented the extent of hybridization as the ratio,
. At the lowest salt and complementary strand concentrations, hybridization efficiencies were negligibly low (Fig. 1c) , and we observed chain collapse caused by increasing ion content. At complementary strand concentrations greater than 7 nM, the hybridizing effect (low FRET population) dominated the chain collapse effect (high FRET population) as cation concentration increased. Thus, increase in ionic strength not only promoted ssDNA compaction but also promoted hybridization. Theoretical estimates for the poly(dT) hybridization midpoint were in agreement with the midpoints we observed (Supplementary Fig. 6 ). We therefore recapitulated a large two-dimensional titration to directly measure the hybridization landscape of ssDNA to its complement in 64 different chemical environments. Screening a large phase-space of physicochemical parameters is crucial, for example, for the design of biologically relevant aptamers, molecular beacons or short interfering RNA constructs. To assess the higher dimensionality accessible with this technique, we titrated two salts, NaCl and MgCl 2 , against poly(dA). The resulting three-dimensional hybridization phase map (Supplementary Fig. 7 ) revealed the comparative and combinatorial effects of the monovalent and divalent salts on ssDNA compaction and hybridization.
We extended this approach to the study of enzyme activity, exploiting the poly(dT) probe as a biosensor for productive mRNA synthesis by bacterial RNA polymerase (RNAP). Previous reports have established dependence of RNAP activity on glutamate concentration, showing that the osmolyte acts as both a positive and negative regulator of transcription, depending on the absolute glutamate concentration 14 . Glutamate facilitates RNAP promoter escape, enabling productive transcription, by altering the RNAP conformation (likely owing to the Hofmeister effect). Conversely, high concentrations of glutamate are reported to cause considerable decreases in transcription by inhibiting RNAP from binding to the ribosomal promoters. Our optofluidic single-molecule transcription assay allowed thorough exploration of the glutamate response space for RNAP activity.
We designed a DNA template for transcription such that the RNA transcript would hybridize to poly(dT) (Fig. 2a) . Maintaining a constant poly(dT) concentration (250 pM), we titrated RNAP in six increments and potassium glutamate in six increments (Fig. 2b) . Here low-FRET species correspond to DNA-RNA heteroduplexes of poly(dT) hybridized to the mRNA transcripts. The volume under the low-FRET peak therefore scaled with productive mRNA synthesis (Fig. 2b) . Fitting each subpopulation to obtain a hybridization ratio provides a metric to directly quantify RNA transcripts.
Although changes to glutamate concentration affect ssDNA conformation, hybridized and unhybridized subpopulations were clearly resolved. Increases in hybridized transcript were apparent with increasing RNAP and glutamate concentrations until excessive concentrations of glutamate (514 mM) were reached (Fig. 2) , consistent with previous observations of glutamate inhibition at concentrations >500 mM 14 . Although the contribution of ionic strength to hybridization efficiency could, in principle, complicate this readout, this effect appears to be minimal when measured directly (Supplementary Fig. 8 ). In contrast to traditional approaches to transcript detection, the single-molecule approach can be used to detect very low concentrations of RNA; for instance at 50% hybridization, we expected only ~100 pM RNA transcript in only a few nanoliters. Using this approach, we sampled enzyme activity in a large physiochemical space. The possibilities for this type of multiparameter inquiry may help to understand the complex and multifactorial mechanisms underlying transcriptional regulation and other similarly complex enzymatic systems.
The ability to observe multiparameter physiochemical landscapes without having to manually dilute and load the sample on the microscope substantially simplifies the process and dramatically reduces variability during titration. Whereas typical pipetting error can be around 0.5%, or 50 nl for microliter reactions, the ring injection error is ~0.0001% 11 . A possible enhancement to the approach presented here would take advantage of emerging multispot photon-counting detectors 15 .
The high-throughput analysis of conformational landscapes may considerably enrich studies of protein regulation, interaction networks, allostery and folding. Moreover, in its ability to quantify small amounts of mRNA, this technique represents meaningful progress toward single-cell gene expression profiling. Buffers. All measurements (except those for RNAP) were conducted in 10 mM Tris (pH 8.0) and 50 mM NaCl. RNAP assays were conducted in 40 mM HEPES, 10 mM MgCl 2 , 1 mM DTT, 100 µg ml −1 BSA, 5% glycerol and 1 mM β-mercaptoethylamine (pH 7.0) containing 2.8 mM NTP mixture.
RNAP assays. We incubated 1.6 µl of commercially purified 1.111 µM RNAP holoenzyme (Epicentre) with 0.6 µl of 1 µM template DNA at 37 °C in 26 µl of 50 mM Tris HCl, 100 mM KCl, 10 mM MgCl 2 , 1 mM DTT, 100 µg ml −1 BSA and 5% glycerol (pH 8.0) for 15 min to form the RNAP open complex (RP O ). This mixture was challenged with heparin sepharose resin as described previously 16 to eliminate nonspecific complexes. The RP O solution was diluted to a final concentration of 2 nM and loaded on the sample channel of the PDMS chip. Assays were performed at room temperature (19 °C) as productive transcription occurs well below the optimal 37 °C. Samples were incubated in the mixing ring for 15 min before measurement to facilitate transcription. As anticipated, negligible transcript was detected in the absence of RNAP; this was also the case in the presence of RNAP inhibitors or in the absence of DNA template or proper nucleotides (data not shown). RNAP stability was measured over the timescale of several hours and shown to yield identical results within experimental error (s.d. = 0.04) (Supplementary Fig. 4 ).
Microfluidic device fabrication. Standard soft lithography techniques were used to fabricate microfluidic devices with integrated valves and pumps 17 . The coverslip (number 1, ~0.15-µm thickness) and PDMS cast were irradiated for 30 s in a plasma chamber and subsequently placed upon one another and kept at 80 °C for 10 min. Instructions and parts for building the microfluidics setup and the valve controller software are available at http://www.stanford.edu/group/foundry/. Software for hardware control and acquisition is available as Supplementary Software and Supplementary Note and at http://sourceforge.net/projects/ uformulator/files/.
Microfluidic device characterization and calibration. For each channel, peristaltic pump injections were calibrated using fluorescence readouts (Alexa Fluor 488, free dye). The precise amount of injected volume per slug or injection cycle was determined by measured fluorescence intensity in the mixing ring from a single slug normalized to the intensity of 100% Alexa Fluor 488 solution in the mixing ring. For all channels, a single injection slug was 0.4% of the mixing ring volume or a 243-fold dilution of the contents of the ring; calibration curves were generated for device characterization (Supplementary Fig. 2) . The relatively high observation chamber in the mixing ring creates a slightly thicker flow layer; to compensate, pressure of the control layer was maintained at 40 pounds per square inch (psi) to ensure complete valve closing. Flow pressure was maintained at 10 psi. To ensure proper mixing, the transient response, as reported by fluorescence intensity, was measured at a fixed point in the ring. The time to establish steady-state mixing was characterized and used in all subsequent measurements (Supplementary Fig. 9 ). Reproducibility of measurement was assessed by conducting a 4 × 4 hybridization-by-salt measurement, performing the serial titrations in both the forward and reverse sequence, which yielded identical results, as indicated by the heatmaps of respective hybridization ( Supplementary  Fig. 3 ). To prevent cross-contamination and sample loss from surface adsorption, flow channels were incubated with 0.5% of Pluronic F-127 for 1 h.
Estimation of DNA hybridization midpoints. The melting temperature (T M ) at 1 M NaCl was estimated from the nearestneighbor two-state model 18 :
with R, the ideal gas constant ( Fig. 10 ). An RNA-DNA heteroduplex is known to have similar free energy of hybridization (~−16 kcal mol −1 at 1 M NaCl) 21 , and so we consider it reasonable to assume complete hybridization and quantify mRNA transcripts by multiplying the measured R by the amount of probes in each experiment (250 pM). Furthermore, we can conclude that our assay is a single-round, run-off transcription assay because the area under the dsDNA population curve did not change with increasing incubation time (data not shown). Other studies have reported the timescale for complete hybridization of 20 base pairs to be considerably shorter than our experimental timescales 22 . Because an RNAP complex can only produce a single mRNA, we can relate the amount of mRNA transcripts to promoter clearance of RNAP. For instance, at 569 pM RNAP and 143 mM glutamate with 250 pM probes (Fig. 2a) , R = 0.75. This corresponds to 187.5 pM mRNA or 33% 'active' RNAP complexes in this condition.
Single-molecule spectroscopy. Single-molecule measurements were performed as described previously 23 with slight alterations to microscope setup construction. Briefly, a home-built confocal microscope setup based around an Olympus IX-71 body was used in this study with Plan-Apo 1.4 numerical aperture (NA) 63× oil-immersion objective (Zeiss). Alternating excitation of fluorophores was accomplished using acousto-optic modulator (NEOS Technologies) and continuous-wave 532 nm (CNI) and 635 nm (Coherent) lasers. Confocal detection through a 100 µm pinhole used avalanche photodiodes (Perkin Elmer); a 635 DCXR dichroic mirror (Chroma) and two filters (580 DF60 for donor and 665LP for acceptor (Chroma)) were used to spectrally separate emitted photons. The observation chamber (50 µm) permitted focusing the objective lens 20 µm into the sample preventing stray light from scattering off the coverslip or channel walls. The larger observation chamber also allowed the point spread function of the oil-immersion objective to fit in the flow channel. To avoid evaporation of the medium between the coverslip and the objective during our long experiments, an oil objective was preferred over a water objective. These data collection parameters yielded detection of single-molecule bursts identical to those collected under similar conditions in the absence of any microfluidic device. Data were collected for 20 min per measurement; a LabView routine was written to permit communication between spectroscopic data acquisition software and the microfluidic controller apparatus for full automation. Each molecule was detected as a 'burst' of fluorescence, from which two ratiometric values were extracted: FRET (reporting on distance between dyes) and stoichiometry ('S' , reporting on whether the molecule contains both donor and acceptor (S = 0.5) or donor only or acceptor only (S = 1, S = 0, respectively). FRET and stoichiometry determination was performed as described previously 23 ; but, as this study was not concerned with precise determination of distances but ratio of subpopulations, the FRET measurement was defined simply as the 'proximity ratio' ((acceptor photons)/(all emitted photons) during donor excitation).
